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This  paper  provides  a  concise  overview  of  the  influence  of  human  activity  within  the  UK  society  on 
resource  consumption  and  the  subsequent  effects  on  the  environment.  The  concept  of  the  Multi  Scale 
Integrated  Analysis  of  Societal  Metabolism  (MSIASM)  is  applied  in  order  to  elucidate  the  evolution  of  the 
UK  economy  for  the  period  between  1981  and  2004.  Our  findings  highlight  the  transition  to  a  service- 
based  economy  and  the  disproportionate  increase  of  energy  demand  when  compared  to  the  overall 
population  increase.  Emergy  synthesis  is  applied  in  order  to  understand  the  production  and  consumption 
patterns  and  the  environmental  support  required  to  sustain  human  activity  within  the  UK  for  the  year 
2004.  Generally  speaking  the  UK  society  greatly  benefits  from  its  significant  natural  resources  with  44.3% 
of  the  total  emergy  used  coming  from  home  sources  and  29.1%  from  locally  renewable  sources. 
Interestingly  enough,  despite  its  significant  natural  resources,  the  UK  economy,  seems  to  be  a  net  emergy 
importer  by  638.5  x  1021  sej.  Furthermore,  the  current  economic  activity  is  believed  to  have  a  significant 
impact  in  the  environment  despite  the  relatively  low  environmental  load  ratio  of  2.44. 
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1.  Introduction 

There  has  been  considerable  discussion  over  the  past  20  years 
about  the  concept  of  sustainable  development  and  its  assessment. 
Since  the  onset  of  this  debate,  a  large  number  of  tools  have  been 
designed  in  order  to  capture  the  progress  towards  sustainability  in 
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a  quantitative  manner.  A  family  of  such  techniques  that  has  gained 
some  acceptance  amongst  academics  is  based  on  thermodynamic 
concepts  and  accounts  for  the  consumption  and  transformation  of 
energy  flows  within  a  system.  Methodologies  that  have  embraced 
this  viewpoint  can  be  traced  before  the  1 970s  but  it  was  the  two  oil 
crises  and  the  accompanying  concern  for  the  need  to  conserve 
energy  in  industrialised  nations  [1]  that  gave  a  boost  to  their 
development  and  use.  Thermodynamic  accounting  frameworks  are 
generally  able  to  capture  the  resource  use  (in  the  broadest  sense) 
within  a  society.  Whether  such  methodologies  actually  represent 
thermodynamic  limits  in  a  physical  sense  or  are  just  a  weak 
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analogy  or  metaphor  is  still  open  to  debate  [2]  the  fact  remains  that 
they  can  significantly  contribute  to  the  current  discussions  about 
sustainable  development.  Central  to  all  these  methodologies, 
albeit  not  explicitly  stated,  is  a  common  concern  over  resource 
depletion  and  environmental  degradation  [1  ].  The  different  aspects 
of  sustainable  development  that  can  be  elucidated  by  such  tools 
have  been  discussed  elsewhere  in  greater  depth  [3]. 

Despite  the  large  number  of  sustainability  assessment  meth¬ 
odologies  based  on  thermodynamic  concepts  found  in  the  literature, 
in  very  few  cases  have  these  techniques  been  applied  jointly  on  the 
same  system.  This  two-part  study  bridges  that  gap  by  reporting  on 
the  application  of  four  such  methodologies  for  assessing  the 
sustainability  of  the  UK  for  the  year  2004.  Given  that  each  technique 
illuminates  certain  aspects  of  a  complex  system’s  metabolism, 
integration  of  their  findings  is  expected  to  assess  more  comprehen¬ 
sively  the  current  production/consumption  patterns  and  offer 
advice  to  policy  makers  for  facilitating  a  shift  towards  sustainability. 
The  different  frameworks  employed  in  the  first  part  include  Multi 
Scale  Integrated  Analysis  of  Societal  Metabolism  (MSIASM)  and 
emergy  synthesis  (EmS)  while  exergy  (EA)  and  extended  exergy 
analysis  (EEA)  are  employed  in  the  second  part. 

Despite  certain  methodological  differences  all  these  techniques 
share  several  similarities.  Based  on  the  distinction  between 
“upstream”  and  “downstream”  impact  assessment  methodologies 
[4],  all  these  techniques  can  fit  into  the  “upstream”  category  given 
that  they  seem  in  a  way  to  quantify  the  amount  of  resources  (in  the 
broadest  sense)  used  to  sustain  human  activity  within  a  nation  for  a 
given  year.  Furthermore  all  these  methodologies  are  in  a  sense 
biophysical  sustainability  accounting  frameworks  that  are  based  on 
a  “ cost  of  production ”  theory  of  value  rather  than  a  “subjective 
preference  theory  of  value ”  as  in  conventional  economic  analysis: 
refer  to  [5]  for  a  distinction  between  the  two  terms  and  to  [6]  for  their 
relevance  to  sustainability  assessments.  Furthermore,  it  has  been 
claimed  [7]  that  a  theory  of  value  based  on  energy  can  satisfy  the 
criteria  for  a  “ cost  of  production”  theory  of  value  given  that  energy 
can  be  considered  the  “only”  scarce  factor  of  production  because: 

•  it  is  ubiquitous; 

•  it  is  a  property  of  all  of  the  commodities  produced  in  human  and 
natural  systems; 

•  its  essential  property  cannot  be  substituted  for. 

It  is  worth  mentioning  here  the  similarities  between  the  “cost  of 
production ”  theory  of  value  with  what  H.T.  Odum  designated  as  a 
donor-side  point  of  valuation  [8].  As  a  result  all  the  biophysical  tools 
utilized  in  our  study  fail  to  take  into  consideration  human 
preferences  and  they  have  been  criticized  on  these  grounds  in  the 
past,  e.g.  [9].  However  their  relevance  and  importance  for  assessing 
the  progress  towards  sustainability  has  been  discussed  elsewhere  in 
the  literature,  e.g.  [10,1 1  ].  We  believe  that  our  analysis  can  provide 
valuable  information  for  better  understanding  a  nation’s  metabo¬ 
lism  through  the  utilisation  of  a  variety  of  different  tools  based  on 
thermodynamic  concepts.  MSIAM  provides  information  on  the 
exosomatic  energy  consumed  in  order  to  support  human  activity 
within  various  productive  and  “non-productive”  sectors  of  the 
society.  Its  highly  aggregated  format  can  provide  a  quick  snapshot  of 
past  and  current  trends  and  give  hints  on  the  sustainability  of  the 
current  development  path.  EmS  essentially  quantifies  the  environ¬ 
mental  support  required  to  produce  all  the  inputs  that  are  consumed 
by  the  society  while  the  total  emergy  consumed  is  an  indication  of  its 
total  appropriation  of  environmental  services  [4].  Finally  EA  and  EEA 
make  use  of  the  concept  of  efficiency  which  has  a  more  direct 
relationship  with  the  market  logic  while  at  the  same  time  it 
considers  the  qualitative  differences  between  the  different  energy 
forms  [4].  To  better  appreciate  the  insights  relevant  to  sustainable 


development  that  can  be  provided  by  applying  these  different 
methodologies  the  reader  is  referenced  to  the  introductory  and 
methodology  sections  of  our  study  and  the  referenced  literature. 

We  should  note  that  we  do  not  view  our  sustainability 
assessment  as  comprehensive  in  the  sense  that  it  excludes  human 
preferences  (tools  that  employ  a  “subjective  preference”  theory  of 
value)  and  does  not  adequately  captures  the  consequences  of  a 
system’s  emissions  (only  “upstream”  methods  used).  For  a 
comprehensive  sustainability  assessment  the  inclusion  of  tools 
that  are  not  based  on  thermodynamics  is  essential  but  we  consider 
that  this  falls  outside  the  scope  of  our  study  which  is  to  highlight 
how  tools  based  on  thermodynamics  can  provide  information 
relevant  to  the  sustainability  of  a  system. 

The  system  under  consideration  is  the  United  Kingdom  of  Great 
Britain  and  Northern  Ireland  (UK  thereafter)  for  the  year  2004.  The 
14  overseas  territories  as  well  as  the  territories  of  Jersey,  Guernsey 
and  of  the  Isle  of  Man  have  been  excluded  from  our  analysis. 

The  UK  is  an  island  nation  situated  in  the  North  West  of  Europe 
having  land  borders  only  with  the  Republic  of  Ireland  while  it  is 
surrounded  by  the  Atlantic  Ocean,  the  North  Sea,  the  Irish  Sea  and 
the  English  Channel.  With  a  population  of  just  over  60  million  the 
UK  is  both  one  of  the  most  populous  and  one  of  the  most  densely 
populated  European  countries.  It  is  also  one  of  the  major 
economies  in  the  world,  currently  having  the  second  highest 
gross  domestic  product  (GDP)  in  Europe  and  the  fifth  highest  in  the 
world  [12,13].  From  a  traditionally  industrial  nation  the  UK  has 
been  transformed  from  the  1950s  onwards  to  a  nation  where  the 
service  sector  spearheads  the  economy. 

Interestingly  enough  the  UK  has  significant  fossil  fuel  reserves 
with  their  exploitation  becoming  economically  feasible  only 
during  the  1980s  as  a  result  of  the  rising  prices  of  fossil  fuels 
initiated  by  the  two  oil  crises.  It  is  ranked  amongst  the  1 0  largest  oil 
producing  nations  worldwide  and  together  with  Norway  and 
Russia  is  the  only  European  nation  endowed  with  significant  such 
resources.  Furthermore  the  UK  is  one  of  the  five  largest  producers 
of  natural  gas  worldwide.  Most  of  the  oil  and  natural  gas  reserves 
are  located  offshore  in  the  North  Sea  region  and  in  order  to  tap 
these  offshore  fossil  fuel  resources  the  UK  has  claimed  an  extended 
continental  shelf  in  the  areas  north  and  west  of  Scotland.  The 
continental  shelf  is  an  important  source  of  renewable  emergy 
contributing  significantly  to  a  nation’s  wealth  by  providing 
important  services  such  as  climate  mitigation,  fisheries,  solubilisa¬ 
tion  of  nutrients  from  coastline,  etc.  However  in  cases  such  as  the 
UK  where  extensive  continental  shelves  are  claimed  for  explora¬ 
tion,  inclusion  of  the  whole  area  of  the  continental  shelf  would 
overestimate  the  contribution  of  the  renewable  emergy  sources 
sending  misleading  messages  on  the  sustainability  of  the  UK.  In  our 
EmS  calculations  we  considered  the  continental  shelf  as  the  area  of 
the  continental  margin  which  is  between  the  shoreline  the  point 
where  the  depth  of  the  superjacent  water  is  approximately  200  m. 

2.  Methodology 

2.2.  MSIASM 

The  Multi  Scale  Integrated  Analysis  of  Societal  Metabolism 
(MSIASM)  was  introduced  in  [14-16].  The  theoretical  foundations 
of  MSIASM  are  based  on  concepts  popularised  by  Alfred  Lotka  and 
Nicholas  Georgescu-Roegen  [17].  In  more  detail  MSIASM  can  be 
viewed  as  an  operationalisation  of  Georgescu-Roegen  bioeconomic 
approach  that  combines  data  on  flows  (exosomatic  energy,  GDP, 
food  production,  etc.)  and  funds  (human  time,  land  use,  etc.) 
associated  with  the  system  under  study  (the  UK  in  our  case)  [17]. 
Given  that  in  this  series  of  papers  our  analysis  is  focused  on 
different  energy  accounting  frameworks  and  the  insights  that  they 
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can  provide  for  facilitating  a  shift  towards  sustainability,  exoso- 
matic  energy  consumption  was  chosen  as  a  flow  and  the  allocation 
of  human  time  between  the  different  production  sectors  as  a  fund. 

In  particular  the  UK  system  was  divided  into  different  sectors 
and  at  different  levels  of  hierarchy.  Level  n  was  designated  as  the 
whole  society  (SA),  Level  n  -  1  was  divided  into  paid  work  sectors 
(PW)  and  household  sectors  (HH)  while  Level  n  -  2  included  the 
paid  sectors  of  agriculture  (AG),  other  productive  sectors  (PS)  and 
the  service  and  government  sector  (SG).  The  AG  sector  includes 
fisheries  and  forestry,  the  PS  sector  includes  extraction  and 
industrial  activities  (inch  energy  industry)  while  the  SG  sector 
includes  service  and  government  activities.  Exosomatic  energy 
relating  to  transportation  activities  within  each  of  these  sectors 
was  further  included.  A  summary  of  the  main  concepts  ensues  but 
the  interested  reader  is  referred  to  other  more  comprehensive 
publications  which  present  these  concepts  in  greater  detail  [17- 
19]. 

Central  in  the  MSIASM  methodology  is  the  calculation  of 
different  intensive  and  extensive  variables.  Extensive  variables 
include: 

THA  Total  human  time  for  the  whole  society  in  a  given  year  (fund 
element). 

HAi  Total  human  time  available  in  sector  i  for  a  given  year  (fund 
element). 

TET  Total  exosomatic  energy  consumption  in  the  whole  society  for 
a  given  year  (flow  element). 

ETi  Total  exosomatic  energy  consumption  in  a  sector  i  for  a  given 
year  (flow  element). 

The  intensive  variables  are  flow-fund,  fund  and  flow  ratios 
across  different  levels  of  hierarchy.  Flow-fund  ratios  provide 
information  on  the  amount  of  exosomatic  energy  invested  per  hour 
of  human  activity  in  a  given  sector.  For  example  the  flow-fund  ratio 
for  the  paid  sector  (EMRPW  =  ETpW/HApW)  denotes  how  much 
exosomatic  energy  has  been  invested  for  each  labour  hour  in  the 
paid  sector  as  a  whole.  Similar  flow-fund  ratios  can  be  calculated 
for  the  AG,  PS  and  SG  sectors  as  well  as  the  HH  sector  and  the 
society  (SA)  as  a  whole.  Fund  ratios  indicate  how  much  human 
time  is  used  in  a  lower  level  of  hierarchy  compared  with  human 
activity  at  a  higher  level  of  hierarchy,  (n  -  1  )/n  and  (n  -  2 )/(n  -  1 ) 
ratios.  An  example  of  such  a  ratio  (n  -  2/n  -  1 )  is  that  for  AG  sector 
(HAag/HApw)  that  denotes  the  amount  of  human  labour  in  the 
agricultural  sector  when  compared  to  the  paid  sector  as  a  whole. 
Similarly  flow  ratios,  both  (n  -  1  )/n  and  (n  -  2 )/(n  -  1 ),  show  the 
amount  of  exosomatic  energy  used  within  a  lower  level  of 
hierarchy  when  compared  with  exosomatic  energy  consumption 
at  a  higher  level  of  hierarchy. 

An  MSIASM  of  the  UK  society  was  conducted  for  the  years  1981 
and  2004.  For  each  year  official  statistics  related  to  the  exosomatic 
energy  consumption  and  human  labour  in  each  sector  were 
collected  from  the  national  statistics.  Specifically,  for  the  year  1981 
exosomatic  energy  consumption  was  collected  from  [20],  popula¬ 
tion  and  total  work  hours  for  the  whole  society  from  [21]  and  the 
number  of  employees  working  in  the  different  economic  sectors 
from  data  collected  during  the  1981  census  of  the  UK  population. 
For  2004  total  exosomatic  energy  data  was  collected  from  [22], 
population  data  from  [23]  and  work  hours  by  economic  sector 
through  personal  communication  with  the  Office  for  National 
Statistics. 

2.2.  Emergy  synthesis 

Emergy  synthesis  is  an  energy  accounting  framework  devel¬ 
oped  by  the  American  ecologist  H.T.  Odum  in  the  1970s.  The  term 


emergy  itself  was  first  used  by  D.M.  Scienceman  in  the  1980s  to 
denote". . .  the  available  energy  of  one  land  that  has  been  previously 
used  up,  directly  and  indirectly,  to  make  a  service  or  a  product  and  its 
unit  is  the  emjoule  ( ej )”  [24,25].  In  fact  this  new  term  was  suggested 
in  order  to  replace  the  term  embodied  energy  initially  used  by 
Odum  after  it  became  a  mainstream  through  other  branches  of 
energy  systems  research  such  as  energy  analysis  [26].  Since  its 
inception  emergy  synthesis  has  been  used  to  investigate  and 
explain  the  interactions  between  ecological  and  human  systems. 
Several  case  studies  can  be  found  in  the  literature  with  their  foci 
being  as  diverse  as  industrial  processes,  agricultural  systems, 
cities,  regions  and  whole  countries,  e.g.  [27-37]. 

Emergy  synthesis  is  based  on  the  two  basic  assumptions  that  in 
every  observable  phenomenon  there  is  an  energy  transformation 
and  that  all  these  transformations  can  be  accounted  for  as  energy 
of  one  kind:  solar  energy.  Deep  in  the  core  of  emergy  synthesis  lie 
the  understanding  that  different  sources  of  energy  do  not  have  the 
same  ability  to  do  work  and  that  “quality  corrections”  are 
necessary  [38]. 

As  already  mentioned  solar  energy  was  chosen  as  the  common 
denominator  and  thus  the  term  solar  emergy  was  born  with  the  solar 
emjoule  (sej)  being  the  common  unit  of  measurement.  One  of  the 
key  concepts  of  emergy  synthesis  is  solar  tranformity  that  is  defined 
as  the  solar  emergy  required  to  make  1  J  of  a  service  or  a  product 
(measured  in  sej  J_1)  [8].  Generally  speaking,  the  higher  the  solar/ 
specific  transformity  of  an  input  the  higher  the  amount  of  solar 
energy  that  was  required  for  the  production  of  that  product/service. 

Emergy  synthesis  methodology  has  been  described  as  a  three- 
stage  procedure  that  starts  with  the  design  of  emergy  diagrams 
using  certain  conventions  and  symbols  summarised  in  [8].  Emergy 
diagrams  are  essentially  a  visualisation  of  the  different  emergy 
flows  within  the  system  under  study.  The  different  emergy  flows 
can  be  summarised  in  the  following  categories  (refer  to  Fig.  4  for  an 
aggregated  emergy  diagram  of  the  UK  society  for  the  year  2004): 

•  Renewable  resources  R:  includes  the  free  ecological  services  such 
as  sunlight,  rain,  wind,  waves,  rivers,  tides,  etc.  as  well  as 
renewable  energy  sources  (hydroelectricity,  Aeolian  power,  etc.), 
agricultural  production,  livestock  and  timber  harvest  (items 
1-16  in  Table  2). 

•  Non-renewable  production  N :  includes  fossil  fuels,  metals, 
minerals  and  soils.  Non-renewable  production  is  divided  into 
dispersed  rural  resources  (such  as  soil)  (N0)  and  concentrated 
resources  (Nt). 

•  Imports :  includes  fuels  (F),  goods/minerals  (G)  and  services  (P2I). 

•  Exports :  includes  fuels  (N2),  goods/minerals  (B)  and  services 
(PiE). 

The  second  step  in  the  emergy  synthesis  methodology  is  the 
calculation  of  these  diverse  emergy  flows  and  populating  with 
these  values  the  corresponding  emergy  table.  The  main  body  of  the 
rules  behind  these  calculations  are  laid  in  [8]  but  several  other 
specific  calculation  procedures  can  be  found  elsewhere  in  the 
significant  literature,  e.g.  [39]. 

The  final  stage  involves  the  calculation  of  different  emergy 
indices.  These  emergy  indices  summarise  the  emergy  flows  within 
the  system  and  give  insights  into  its  production/consumption 
patterns  as  well  as  its  sustainability.  Some  of  the  most  commonly 
used  emergy  indicators  include  the  following: 

•  Emergy  used  per  person:  aggregates  the  different  emergy  flows  (R, 
N,  F,  G,  P2I)  used  within  the  system  and  divides  it  by  its 
population.  Generally  speaking  the  higher  the  emergy  used 
person  the  higher  the  standard  of  living  in  the  country  under 
study.  Of  course  this  conclusion  stems  from  the  emergy  synthesis 
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Table  1 

MSIASM  variables  and  percentage  changes  for  1981  and  2004 


assumption  that  the  “real  wealth”  of  a  nation  depends  on  the 
natural  resources  consumed  within  that  nation  rather  than  its 
economic  production. 

•  Emergy  investment  ratio  ( EIR ):  the  ratio  of  purchased  emergy 
flows  to  a  society  divided  by  the  free  emergy  inputs  (indigenous). 
The  lower  this  ratio  the  more  an  economy  relies  on  local  (“free”) 
indigenous  inputs.  It  is  believed  that  the  higher  this  ratio  the 
higher  the  economic  development  of  a  system  [32]. 

•  Environmental  load  ratio  ( ELR ):  denotes  the  ratio  of  the  non¬ 
renewable  emergy  flows  consumed  within  a  system  divided  by 
the  renewable  emergy  flows  for  that  system.  High  environmental 
loading  ratios  imply  high  environmental  stresses. 

•  Empower  density :  is  the  ratio  of  the  emergy  used  within  the 
system  divided  by  the  total  area  of  the  system.  High  empower 
densities  are  usually  a  characteristic  of  industrialised  nations. 

3.  Results  and  discussion 

3.1.  MSIASM 

Exosomatic  energy  consumption  statistics  are  collected  from 
official  energy  statistics.  However,  in  order  to  account  for  the 
contribution  of  transport  to  the  exosomatic  energy  consumption  of 
each  economic  sector  transport  energy  statistics  from  [22]  had  to 
be  re-allocated  to  the  different  end-sectors.  Such  data  for  the  year 
2004  were  collected  from  [40].  In  particular  of  the  2435.3  PJ  of  the 
exosomatic  energy  consumed  for  transport  activities  1536.9  PJ 
were  consumed  by  the  HH  sector,  6.8  PJ  by  AG,  622.7  by  PS  and 
268.9  PJ  by  SG.  It  should  be  noted  here  that  AG  transport  data  are 
not  readily  available  in  [40]  but  are  aggregated  with  the  service 
transport  data.  In  order  to  differentiate  transport  relevant  to  AG 
and  SG  it  was  assumed  that  the  exosomatic  energy  consumption  in 
each  of  the  two  sectors  was  proportional  to  the  labour  hours  in  the 
AG  and  SG  sectors.  A  similar  analysis  has  been  pursued  in  Part  2  of 
our  study  and  although  it  seems  reasonable  it  is  quite  uncertain. 
Moreover,  such  transport  energy  consumption  data  have  been 


Fig.  1.  Flow-fund  representation  of  the  UK  MSIASM  (1981  and  2004). 


recorded  only  for  the  period  1990-2004  and  they  do  not  show  a 
specific  trend.  It  was  assumed  that  for  the  year  1981  the  re¬ 
allocation  to  final  end-sectors  was  equal  to  the  average  numbers 
for  the  period  1990-1993.  As  a  result  24%  of  the  energy  used  for 
transport  was  attributed  to  the  industrial  sector,  63%  to  the 
domestic  sector  and  13%  to  the  service  sector  (inch  agriculture). 


Fig.  2.  Flow-fund  representation  of  the  UK  PS  sector  MSIASM  (1981  and  2004). 


n-2/n-1 


Fig.  3.  Flow-fund  representation  of  the  UK  SG  sector  MSIASM  (1981  and  2004). 
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Following  the  same  procedure  described  earlier  it  was  calculated 
that  of  the  1437.3  PJ  of  energy  consumed  by  transport  activities 
during  1981,908.9  PJwere  consumed  in  the  HH  sector,  6.7  PJ  in  the 
AG  sector,  343.6  PJ  in  the  PS  sector  and  178.1  in  the  SG  sector.  All 
the  relevant  results  and  the  corresponding  differences  in  the 
period  1981-2004  are  included  in  Table  1. 

During  that  period  there  was  a  slight  population  increase  of 
about  6.2%.  During  the  same  period,  however,  there  was  a 
disproportionate  increase  of  the  total  exosomatic  energy  con¬ 
sumed.  Specifically  total  exosomatic  energy  consumption  rose 
from  8312.0  PJ  in  1981  to  9784.6  PJ  in  2004  which  corresponded  to 


a  1 7.7%  increase.  For  2004  the  EMRSa  of  the  UK  was  in  the  order  of 
18.7  MJ/h  (up  from  16.8  MJ/h  in  1981).  The  calculated  EMRSA  is 
significantly  higher  than  the  world  EMRSa  in  1999  which  was 
7.8  MJ/h  and  was  comparable  to  that  of  the  OECD  countries 
(22.3  MJ/h)  [17]. 

Moving  our  analysis  to  the  (n  -  1)  level  we  can  gain  some 
information  on  the  trends  that  govern  paid  work  sectors  and  the 
households.  As  expected  as  a  result  of  the  population  increase 
there  was  an  increase  in  the  human  time  in  both  the  paid  work 
sector  and  the  households.  This  increase  was  much  higher, 
and  well  above  the  population  increase,  in  the  working  sectors 


Table  2 

Emergy  evaluation  of  the  UK 


Note 

Item 

Raw  data 

Units 

Transformity  (sej/unit) 

Solar  emergy  (x  1021  sej) 

Renewable  resources 

1 

Sun,  incident 

2.60E  +  21 

J 

1.00E  +  00 

2.6 

1 

Sun,  absorbed 

2.34E  +  21 

J 

1.00E  +  00 

2.3 

2 

Wind  kinetic  energy 

6.78E  +  19 

J 

2.47E  +  03 

167.7 

3 

Earth  cycle 

7.58E  +  17 

J 

5.76E  +  04 

43.7 

4 

Rain,  chemical  potential  energy 

2.04E+  18 

J 

3.12E  +  04 

63.7 

5 

Evapotranspiration,  chemical  potential  energy 

6.55E  +  17 

J 

4.80E  +  04 

31.4 

6 

Rain,  geopotential  on  land 

2.39E  +  17 

J 

1.76E  +  04 

4.2 

7 

Rivers,  chemical  potential  energy 

7.43E  +  17 

J 

8.13E  +  04 

60.4 

8 

Rivers,  geopotential  energy 

1.69E  +  17 

J 

4.66E  +  04 

7.9 

9 

Wave  energy 

2.78E  +  19 

J 

5.13E  +  04 

1428.9 

10 

Tidal  energy 

2.02E+  19 

J 

2.82E  +  04 

571.2 

Renewable  production 

11 

Agricultural  and  livestock  production 

4.84E  +  17 

J 

1.19E  +  06 

574.8 

12 

Fish  production 

4.22E  +  15 

J 

3.35E  +  06 

14.1 

13 

Hydro  electricity 

2.73E  +  16 

J 

1.04E  +  05 

2.9 

14 

Wind  electricity 

6.95E  +  15 

J 

1.04E  +  05 

0.7 

15 

Ground  water 

6.97E  +  16 

J 

2.72E  +  05 

18.9 

16 

Timber  harvest 

1.36E  +  17 

J 

1.17E  +  05 

15.9 

Production  and  use  of  non-renewable 

17 

Coal  production 

6.55E  +  17 

J 

6.71  E  + 04 

43.9 

18 

Coal  used 

1.62E  +  18 

J 

6.71  E  + 04 

108.7 

19 

Natural  gas  production 

4.02E+  18 

J 

7.29E  +  04 

293.3 

20 

Natural  gas  used 

4.06E+  18 

J 

7.29E  +  04 

296.2 

21 

Crude  oil  production 

4.38E  +  18 

J 

9.09E  +  04 

398.1 

22 

Crude  oil  used 

4.28E  +  18 

J 

9.09E  +  04 

389.0 

23 

Electricity  production  (other  than  wind,  hydro) 

1.39E  +  18 

J 

2.91  E  +  05 

404.5 

24 

Electricity  used 

3.99E  +  17 

J 

2.91  E  + 05 

116.3 

25 

Clay 

1.54E  +  13 

g 

3.35E  +  09 

51.6 

26 

Sand  and  gravel 

9.73E  +  13 

g 

2.24E  +  09 

218.0 

27 

Sandstone 

1.88E  +  13 

g 

1.68E  +  09 

31.7 

28 

Limestone  and  dolomite 

1.02E+  14 

g 

1.68E  +  09 

171.1 

29 

Silica  sand 

5.01E+  12 

g 

1.68E  +  09 

8.4 

30 

Salt  rock 

5.80E+  12 

g 

1.68E  +  09 

9.7 

31 

Igneous  rock 

5.30E+  13 

g 

1.68E  +  09 

88.9 

32 

Gypsum 

1.69E  +  12 

g 

1.68E  +  09 

2.8 

33 

Peat 

1.35E  +  16 

J 

1.70E  +  04 

0.2 

34 

Soil  erosion  from  agricultural  areas 

2.24E  +  16 

J 

1.24E  +  05 

2.8 

Imports 

35 

Coal 

9.89E  +  17 

J 

6.71  E  + 04 

66.3 

36 

Crude  oil 

4.79E  +  17 

J 

9.09E  +  04 

43.5 

37 

Petroleum  products  and  manufactured  fuel 

2.86E  +  18 

J 

1.1  IE  +  05 

316.1 

38 

Natural  gas 

8.75E  +  17 

J 

7.29E  +  04 

63.8 

39 

Electricity 

3.52E  +  16 

J 

2.91  E  + 05 

10.3 

40 

Imports  goods 

Various 

J.  g 

Various 

1503.4 

41 

Imports  services/services  embodied  to  goods 

6.07E+  11 

USD 

1.88E  +  12 

1140.0 

Exports 

42 

Coal 

1.88E  +  16 

J 

6.71  E  + 04 

1.3 

43 

Crude  oil 

2.95E  +  18 

J 

9.09E  +  04 

268.1 

44 

Petroleum  products  and  manufactured  fuel 

1.47E  +  18 

J 

1.11E  +  05 

163.2 

45 

Natural  gas 

4.11E  +  17 

J 

7.29E  +  04 

30.0 

46 

Electricity 

8.25E  +  15 

J 

2.91  E  + 05 

2.4 

47 

Exports  goods 

Various 

J.  g 

Various 

592.8 

48 

Exports  services/services  embodied  to  goods 

5.43E  +  11 

USD 

2.63E  +  12 

1447.2 

Transformity  references  1.  by  definition,  2.  [43],  3.  [43],  4.  [8],  5.  [8],  6.  [8],  7.  [8],  8.  [8],  9.  [8],  10.  [8],  11.  this  study  (Table  3),  12.  [39],  13.  [27],  14.  [27],  15.  [39],  16.  [39],  17.  [8], 
18.  [8],  19.  [44],  20.  [44],  21.  [44],  22.  [44],  23.  [8],  24.  [8],  25.  [8],  26.  [39],  27.  [8],  28.  [8],  29.  [8],  30.  [8],  31.  [8],  32.  [8], 33.  [8],  34.  [8],  35.  [8], 36.  [44],  37.  [8],  38.  [44],  39.  [8], 40. 
various,  41.  [45],  42.  [8],  43.  [44],  44.  [8],  45.  [44],  46.  [8],  47.  various  and  48.  this  study. 
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Table  3 

Emergy  evaluation  of  the  UK  agriculture  and  livestock  production 
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Transformity  references  1.  by  definition,  2.  [43],  3.  [43],  4.  [8],  5.  [8],  6.  [8],  7.  [44],  8.  [8],  9.  [8],  10.  [8],  11.  [8],  12.  various,  13.  [46],  14.  [46],  15.  [46],  16.  [46],  17.  this  study,  18. 
[45]  and  19.  this  study. 


(11.3%)  than  the  households  (5.7%).  The  moderate  increase  of 
the  (n  -  1  )/n  fund  share  for  PW  between  that  period  from  8.7%  to 
9.1%  indicated  a  marginal  increase  of  the  total  human  activity 
diverted  to  the  working  sectors.  On  the  other  hand,  the  increase 
in  the  exosomatic  energy  consumed  in  the  households  was 
tremendous  (38.7%)  when  compared  to  that  in  the  paid  work 
sectors  (8.3%).  This  disproportionate  increase  can  be  attributed  to 
a  great  extent  in  the  increasing  demand  for  transport  within  the 
household  sector  that  is  usually  met  through  increased  private  car 
ownership. 

Moving  to  the  lowest  level,  (n  -  2),  several  patterns  governing 
the  different  paid  work  sectors  can  be  discerned.  One  of  the  most 
striking  results  is  the  large  decrease  of  human  activity  in  the 
productive  sectors  (PS)  of  33.9%,  which  happened  with  a 
simultaneous  increase  in  the  consumption  of  exosomatic  energy 
by  8.1  %.  This  implies  increased  industrial  activity  with  fewer 


Table  4 

Summary  emergy  flows  of  the  UK  economy 


Note 

Item 

Value 

Unit 

R 

Renewable  emergy  absorbed 

1640.3 

1021  sej 

Wind  kinetic  energy 

167.7 

1021  sej 

Earth  cycle 

43.7 

1021  sej 

Wave  energy 

1428.9 

1021  sej 

N 

Non-renewable  resources  within  the  UK 

1320.7 

1021  sej 

N0 

Dispersed  rural  sources 

2.8 

1021  sej 

Ni 

Mineral  production  (fuels,  minerals,  etc.) 

1317.9 

1021  sej 

n2 

Fuels  exported  without  use 

462.5 

1021  sej 

F 

Imported  fuels  (incl.  electricity) 

500.1 

1021  sej 

G 

Imported  goods  and  minerals 

1503.4 

1021  sej 

I 

Imported  services  (USD) 

6.07E  +  11 

USD 

P2I 

Imported  services  (emergy  value) 

1140.0 

1021  sej 

B 

Exported  goods  (including  electricity) 

595.2 

1021  sej 

E 

Exported  services  (USD) 

5.43E+  11 

USD 

PiE 

Exported  services  (emergy  value) 

1447.2 

1021  sej 

X 

Gross  national  product 

2.12E+  12 

USD 

Pi 

UK  emergy-to-money  ratio 

2.66E+  12 

seJ/USD 

P2 

Trade  partner’s  emergy-to-money  ratio 

1.88E  +  24 

seJ/USD 

labour  hours  involved  and  is  also  evident  in  the  sharp  rise  of  the 
EMRps  by  63.5%.  Patterns  towards  the  decrease  of  both  the  overall 
human  activity  and  the  exosomatic  energy  consumed  were  evident 
in  the  AG  sector.  The  decrease  was  in  the  order  of  5.9%  in  the  former 
and  29.2%  in  the  latter  case.  On  the  other  hand  the  situation  in  the 
SG  is  quite  distinct  as  it  comes  at  complete  odds  with  the  situation 
in  the  other  working  sectors.  The  exosomatic  energy  consumption 
rose  by  12%  while  the  allocation  of  the  human  time  by  a  massive 
40.6%.  As  a  result  of  these  changes  EMRAG  and  EMRSG  decreased  by 
24.8%  and  20.3%,  respectively.  The  observed  shift  in  the  UK 
economy  from  the  predominance  of  the  industrial  production  to 
that  of  services  is  also  implied  and  from  the  decrease  of  the  PS  fund 
share  by  15.4%  coupled  with  the  simultaneous  increase  of  the  SG 
fund  share  by  15.7%. 

All  the  aforementioned  research  results  are  graphically  pre¬ 
sented  in  Figs.  1-3. 


Fig.  4.  Aggregated  emergy  flows  for  the  UK  economy. 
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Table  5 

Emergy  indices  for  the  UK  economy 


Note 

Item 

Value 

In  state  non-renewable 

No  +  Nt 

1320.7  x  1021  sej 

Imported  emergy 

F  +  G  +  P2I 

3143.4  x  1021  sej 

Total  emergy  used 

U  =  R  +  N0  +  Ni  +  F  +  G  +  P2I  -  N2 

5641.9  x  1021  sej 

Total  exported  emergy 

N2  +  B  +  P!E 

2504.9  x  1021  sej 

Emergy  used  from  home  sources 

(N0  +  N!  -  N2  +  R)/U 

0.443 

Imports-exports 

(F+G  +  P2I)-(N2  +  B  +  P1E) 

638.5  x  1021  sej 

Ratio  of  exports  to  imports 

(F  +  G  +  P2I)/(N2  +  B  +  P,E) 

1.255 

Fraction  use,  locally  renewable 

R/U 

0.291 

Fraction  of  use,  purchased  import 

(F  +  G  +  P2I)/U 

0.557 

Fraction  used,  imported  service 

P2I/U 

0.202 

Fraction  used,  exported  services 

PiE/U 

0.257 

Emergy  investment  ratio  (purchased/free) 

(F+G  +  P2I)/(R  +  N  -  N2) 

1.258 

Environmental  loading  ratio 

(N-N2  +  G  +  P2I)/R 

2.440 

Solar  emergy  unit  per  unit  area  (empower  density) 

U/area 

7.44E+  12  sej/m2 

Solar  emergy  used  per  person 

U/population 

9.43E  +16  sej/person 

Emergy  yield  ratio 

U/(F  +  G  +  P2I) 

1.795 

3.2.  Emergy  synthesis 

Of  the  renewable  emergy  resources,  waves  and  tides  were  the 
greatest  contributors  of  renewable  emergy  in  the  UK  which  comes 
as  no  surprise  considering  the  fact  that  the  UK  is  an  island  nation. 
In  more  detail  29.1%  (1640.3  x  1021  sej)  of  the  emergy  used  within 
the  UK  came  from  local  renewable  sources.  It  should  be  noted  here 
that  in  order  to  avoid  double  counting  these  renewable  resource 
inputs  only  the  highest  contributors  relevant  to  the  three  planetary 
processes  (sun,  earth  heat  and  tide)  have  been  considered  for  the 
aggregate  flow  R  (refer  to  Table  2)  [8].  In  our  calculations  these 
items  were  emergy  from  wind,  earth  cycle  and  waves,  respectively 
(refer  to  Table  4).  Of  the  renewable  production  by  far  the  greatest 
contributor  was  agriculture  and  livestock  production  with 
574.8  x  1021  sej.  It  should  be  noted  here  that  the  values  of 
transformities  and  specific  emergies  used  in  this  study  are  relative 
to  the  15.83  baseline. 

Table  3  contains  a  detailed  analysis  of  the  UK  agricultural  and 
livestock  production  for  the  year  2004.  It  is  evident  that  renewable 
emergy  inputs  such  as  the  items  1-5  in  Table  3  are  the  most 
important  inputs  to  the  UK  agricultural  system  amounting  for 
almost  66.6%  of  the  total  emergy  inputs.  Feed/seed  and  human 
services  were  also  important.  Our  analysis  established  an 
aggregate  transformity  of  1.19E  +  06  seJ/J  for  agricultural  and 
livestock  products  produced  in  the  UK  in  2004.  It  is  worth 
mentioning  here  that  the  energy  content  of  the  agricultural 
production  (items  20  and  21  of  Table  3)  was  calculated  based  on 
the  analysis  of  over  200  agricultural  commodities  including 
cereals,  fruits,  livestock  and  fish  product  amongst  others  which 
were  retrieved  from  the  statistical  database  of  the  United  Nations 
Food  and  Agriculture  Organisation  [41  ].  Production  statistics  were 
calculated  for  2004  while  feed  and  seed  statistics  for  2003.  Energy 
content  of  the  different  commodities  was  retrieved  from  the  US 
Department  of  Agriculture  [42].  Some  detailed  results  for  the 
energy  content  of  major  agricultural  product  categories  are 
included  in  Section  3.2  of  Part  2  of  our  study. 

Crude  oil  and  natural  gas  were  the  most  important,  by  emergy 
value,  non-renewable  resources  produced  and  consumed  within 
the  UK  with  coal,  minerals  and  soils  also  contributing  but  to  a 
lesser  extent.  Fuels  also  constituted  major  emergy  import  and 
export  flows  to/from  the  UK.  Total  in  state  non-renewable  emergy 
flows  amounted  to  1320.7  x  1021  sej  (refer  to  Tables  4  and  5). 

In  our  analysis  imports  and  exports  were  aggregated  into  three 
major  categories:  fuels  and  minerals,  goods  and  services.  Emergy 
flows  from  imported/exported  goods  are  obtained  through  the 
aggregation  of  the  emergy  flows  of  over  30  different  product 


categories  as  diverse  as  metals,  chemicals,  wood  products,  textiles, 
etc.  Imports  of  goods  and  minerals  (G)  amounted  to  1503.4  x 
1021  sej.  Export  of  fuels  without  use  (N2)  was  in  the  order 
462.5  x  1021  which  was  comparable  to  the  595.2  x  1021  sej  of 
exported  goods  (B)  (including  small  amounts  of  electricity).  This 
shows  again  the  importance  of  the  North  Sea  oil  fields  to  the  UK 
economy.  UK  also  imported  1140.0  x  1021  sej  in  direct  services 
and  services  embodied  to  the  goods  (P2I)  while  it  exported 
1447.2  x  1021  sej  of  services  (Pi E).  These  flows  are  summarised  in 
Fig.  4  and  Table  4. 

In  total  the  UK  was  a  net  emergy  importer  of  638.5  x  1021  sej 
while  its  imported  emergy  accounted  for  55.7%  of  the  emergy  used 
within  the  UK  with  the  main  contributor  to  that  being  imported 
goods  and  minerals  (G).  Emergy  from  home  sources  contributed 
just  44.3%  of  the  total  emergy  used  within  the  UK.  This  figure  is 
quite  small  considering  UK’s  significant  natural  resource  reserves. 

The  UK  showed  an  emergy  investment  ratio  (EIR)  of  about  1.3, 
which  is  quite  low,  implies  that  the  UK  gets  a  high  proportion  of  its 
emergy  free  from  the  environment  depending  significantly  on  local 
“free”  resources  something  that  has  already  been  discussed.  What 
is  more  interesting  though  is  that  the  UK  has  an  environmental 
loading  ratio  (ELR)  of  about  2.4  which  is  quite  low  for  a  developed 
nation  (refer  to  [32]).  This  low  value  can  probably  be  explained  by 
the  significant  renewable  emergy  input  in  the  extensive  con¬ 
tinental  shelf  area  as  well  as  the  large  amount  of  fossil  fuel 
exported.  Despite  the  fact  that  low  environmental  ELRs  imply  low 
stress  to  the  environment  we  believe  that  for  the  UK  this  is  not  the 
case  as  explained  in  the  previous  sentence.  Given  the  UK’s  emergy- 
to-money  ratio  is  higher  than  the  rest  of  the  world  the  UK  exports 
more  emergy  than  it  actually  gets  in  a  dollar-to-dollar  trade 
exchange  regime  which  is  also  quite  unusual  for  a  developed 
nation.  The  emergy  yield  ratio  (EYR)  of  approximately  1.8  implies 
that  almost  two  times  more  emergy  is  used  within  the  UK  system 
than  imported  in  it. 

4.  Conclusions 

The  MSIASM  analysis  of  the  UK  economy  has  shown  an 
important  trend  towards  the  shift  of  economic  activity  from 
agriculture  (AG)  and  productive  sectors  (PS)  to  the  service  and 
government  (SG)  sector.  Longitudal  data  mainly  in  the  allocation  of 
human  time  within  these  three  sectors  and  to  a  lesser  extent  in  the 
consumption  of  exosomatic  energy  illustrate  this  situation. 
Furthermore  there  is  a  disproportionate  increase  of  the  exosomatic 
energy  consumption  by  the  household  sector  (HF1)  when 
compared  with  the  increase  of  human  time  in  households  mainly 
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due  to  the  increased  demand  for  transport  by  the  HH  sector  over 
the  1981-2004  period. 

Of  the  exosomatic  emergy  consumed  the  most  significant 
contributors  were  oil  and  natural  gas  (or  electricity  produced  by  it) 
most  of  which  entered  the  UK  as  a  “free”  emergy  input  from  the 
North  Sea.  The  UK  economy  also  benefited  to  a  great  extent  from 
the  significant  inputs  of  renewable  emergy  (wind,  earth  cycle  and 
waves),  which  accounted  for  almost  a  third  of  all  emergy  used 
within  the  UK.  In  general  our  analysis  found  a  relatively  low 
emergy  investment  ratio  (EIR),  which  implied  that  the  UK  obtained 
a  high  proportion  of  its  emergy  free  from  the  environment 
depending  significantly  on  local  “free”  resources.  Finally,  the  UK 
was  a  net  emergy  exporter  mainly  as  a  result  of  disproportionate 
imports  of  goods  (G)  when  compared  to  exports  of  goods  (B).  This 
disproportionate  import  of  goods  can  partly  be  linked  to  the 
continuing  trend  of  shifting  from  industrial  production  to  services 
during  the  period  1981-2004. 
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